mploying air dispersion models to predict downwind odor concentration in the vicinity of livestock operations to determine a science-based setback distance may become a common practice used by regulatory agencies to set nuisance control guidelines (Zhu et al., 2000) . The accuracy of such prediction relies heavily on the accuracy of the source odor emission rates Guo et al., 2005) .
34 times that for a nursery room. Very limited research has been conducted to reveal the diurnal variations in odor concentration and emission rates. Hartung et al. (1998) reported some observations on diurnal odor emissions from two hog barns and one dairy barn. They found that the odor emissions from livestock buildings had a pronounced diurnal pattern and could vary during the daytime due to animal and worker activities inside the buildings. Zhu et al. (2000) measured odor emissions from seven different animal facilities over a 12 h period during the day. The highest values for the diurnal odor emissions were up to five times those of the lowest values. Schauberger et al. (1999) developed a model to calculate the diurnal and annual variation of odor emissions. The highest daily values of the odor concentration of the exhaust air calculated for a pig finishing building were found to be 4.6Ătimes the lowest daily values. Aarnink et al. (1995) found that ammonia emission was higher during the day than during the night, and peak emission occurred in the morning for nursery pigs and in the afternoon for finishing pigs. Ammonia emission changed significantly during the day and during the growing period and varied between seasons (Aarnink et al., 1995) .
Due to the lack of data, none of the existing setback or odor dispersion models consider diurnal and seasonal variations in odor emission rates. Odor dispersion prediction or setback modeling generally use the mean or geometric mean of odor emission rates obtained through limited measurements (Lim et al., 2000; Guo et al., 2004; Jacobson et al., 2005; , which may result in great uncertainty in predicted results.
The objective of this study is to reveal the daytime variations of odor concentrations and emission rates from different types of swine production buildings for use in odor dispersion modeling and setback determination. 
MATERIALS AND METHODS

SWINE PRODUCTION FACILITIES
The study was conducted on a 5,000-sow farrowing-tofinishing operation located in a flat rural area of eastern Saskatchewan, Canada. Four rooms with a typical setup for various types of pigs were selected for this study: the gestation room (GT), farrowing room (FR), nursery room (NS), and finishing room (FN). The gestation and farrowing rooms were on the farrowing site, while the nursery and finishing rooms were located on two separate sites nearby. The specifications of the rooms are given in table 1. These rooms were all mechanically ventilated by wall-and ceiling-mounted exhaust fans. The manure handling systems of these rooms were the same, with liquid manure stored in sub-floor shallow pits and then removed to the outdoor earthen manure storages once every two to four weeks. In order to observe odor and gas conditions during normal operation, the manure pits were not emptied during the measurement of the four rooms.
ODOR EMISSION MEASUREMENT
Each room was measured for two consecutive days between July and September 2003. Each day, the measurement period started at 0600 h and ended at 2000 h. This period during the day was selected to cover the main period during which the neighboring residents were most likely to detect odors. Two identical air samples were taken from the room once every 2 h. During each 2 h period, the exhaust air from an exhaust fan in the room was continuously pumped into two 10 L Tedlar sample bags (SKC, Inc., Eighty Four, Pa.) using a peristaltic pump and Teflon FEP tubing (Cole-Parmer Instrument Co., Vernon Hills, Ill.), and the bags were filled by the end of the period. One sample was used to measure CO 2 and NH 3 concentration immediately after the samples were taken. Another sample was used for odor concentration measurement. Seven samples were taken each day from each room.
The samples were transported to the Olfactometry Laboratory, University of Alberta, Edmonton, Alberta, Canada, and analyzed for odor concentration, i.e., odor detection threshold, within 30 h of collection. An eight-port olfactometer with eight trained panelists was used for odor concentration measurement. The triangular forced-choice method was used to present samples to the panelists (CEN, 1999) . The panelists were selected and re-evaluated periodically following the procedure of CEN (1999). For each olfactometry session, data were retrospectively screened by comparing panelists' individual threshold values with the panel average, i.e., the ratio between an individual threshold estimate and the geometric mean of the panel estimate should be within ±5 (CEN, 1999) . All samples from each month were measured by the same panel. Odor concentration was reported in odor units per cubic meter, or OU m -3 .
Two methods were used to obtain the ventilation rates of the rooms: the fan method, which tallies the airflow rates of all fans, and the CO 2 mass balance method (Albright, 1990) . For the fan method, the speed of all fans and the negative pressure of a room were measured, and then fan performance testing results from the manufacturer or fan testing organization (Prairie Agricultural Machinery Institute) were used to obtain the airflow rates of the fans. The fan speed was measured by a Shimpo DT-207L tachometer (accuracy: ±1 rpm for 6 to 8,300 rpm; Netech Corp., Hicksville, N.Y.), and the static pressure was measured by a VelociCalc Plus (accuracy: ±1% of reading; TSI, Inc., Shoreview, Minn.).
For the CO 2 mass balance method, the CO 2 gain of a room from incoming air and the CO 2 produced by the animals equals the CO 2 loss through exhaust air. The CO 2 gain of a room is the CO 2 from the incoming supply air (345 ppm) and the CO 2 produced by the pigs. The CO 2 produced by manure is considered negligible. The CO 2 concentration of the room was measured directly from the air samples immediately after the samples were collected. CO 2 concentrations lower than 3,000 parts per million (ppm) were measured by a Guardian Plus infrared gas monitor (accuracy: ±2% for 0 to 3,000 ppm; Edinburgh Sensors, Ltd., Hingham, Mass.), and those over 3,000 ppm were measured by gas chromatography in the Soil Science Laboratory, University of Saskatchewan. Pig number and weight were recorded for each room. The total CO 2 loss from a room was the difference between the CO 2 concentrations of the exhaust and the incoming air, multiplied by the ventilation rate. Room and outdoor temperature and relative humidity were recorded.
The odor emission rate of a room, i.e., OU per square meter of the room floor area per second (OU m -2 s -1 ), was obtained by multiplying odor concentration and ventilation rate. The odor concentration of incoming air was assumed to be negligible.
Ammonia concentration was measured immediately after the air samples were taken using colorimetric tubes (Kitagawa, Matheson Gas Products, Secaucus, N.J.) and later using an infrared ammonia analyzer (Chillgard RT refrigerant monitor, measuring range of 0 to 100 ppm, accuracy ±1 ppm; MSA Instrument Division, Pittsburgh, Pa.).
STATISTICAL ANALYSIS
All data were subjected to an analysis of variance using SAS (SAS, 1999) . Data from different types of production rooms and measurement periods were pooled and analyzed as repeated measurements using the mixed model (PROC MIXED). In the analysis of each room, the room was treated as the main factor and the 2 h measurement periods were treated as the subfactor. Correlation and regression analyses among measured variables were conducted using the PROC CORR and REG procedures of SAS. Both treatment effects, correlation and regression coefficients, were considered significant at P < 0.05. All data used in the statistical analyses used normal scale, i.e., odor concentration in OU m -3 and odor emission rate in OU m -2 s -1 or OU s -1 . However, when the statistical analysis results regarding the mean odor concentration and emission rate of each type of room or of the same room over the year were presented, geometric means were used (CEN 1999) .
RESULTS AND DISCUSSIONS DAYTIME ODOR CONCENTRATIONS AND EMISSIONS
Gestation Room
Odor concentrations and emissions from the gestation room (GT) were measured on 14 and 15 July. As shown in figure 1a, the ambient temperature was quite different on these two days during the measurement periods, ranging from 14.0°C to 27.2°C with means of 16.8°C and 24.1°C for 14 and 15 July, respectively. As a result, the room temperature fluctuated between 19.0°C and 30.0°C with means of 20.6°C and 26.6°C for 14 and 15 July, respectively.
As shown in figure 1b, the ventilation system operated at its full capacity during the measurement periods except for 0600-0800 h on 15 July. This is because the ambient temperature during the 0600-0700 h period was lower on 15 July than that on 14 July (13.7°C vs. 15.2°C), so some fans were not running, although the average ambient temperatures during the 0600-0800 h period for these two days were about the same. In fact, the night before 0700 h of 15 July was much cooler than that of 14 July (e.g., average temperature 10.9°C vs. 15.1°C during 0400-0600 h), which resulted in a lower ventilation rate all night before 0700 h and higher CO 2 , odor, and NH 3 concentrations during the 0600-0800 h period on 15ĂJuly, as shown in figure 1. The ventilation rate obtained using the fan method was much higher than that obtained using the CO 2 method: the means of 14 and 15 July were 94.5 and 48.7 m 3 s -1 for the former and latter methods, respectively. Similar results were obtained from the other three rooms.
This result was consistent with that observed by Guo et al. (2006) . The fan method may underestimate airflow by up to 20% to 40% due to dust buildup and power supply variations (Simmons and Lott, 1997) . Similar fans that were used in a similar swine barn and that had been in service for three more years than the fans used in this study were calibrated by Sun (2005) , and the airflow rates were found to be within 4% of the initial lab testing values. The CO 2 method has an unknown uncertainty. One reason for the unknown uncertainty value is that the CO 2 production rates of pigs were measured in the late 1950s (ASAE Standards, 2004) . Animal breeds, diets, and production systems have changed over the years; therefore, the CO 2 production rates may have also changed. Another reason is that the amount of CO 2 produced by manure stored in the room, while assumed to be negligible compared to that produced by animals, was unknown. Hence, the ventilation rates obtained by the fan method were used for the purpose of determining odor emission in this study.
As shown in figure 1a , the CO 2 concentration of 15 July was higher than that of 14 July (means of 619 and 725 ppm for 14 and 15 July, respectively). It is difficult to explain the higher CO 2 concentration on 15 July compared to 14 July. With almost the same ventilation rate on both days, the higher room temperature on 15 July should have resulted in a lower CO 2 production rate from the animals and a lower CO 2 concentration in the room because animal CO 2 production is proportional to the total heat production of animals, which decreases with increasing room temperature. One possible reason for this was that the CO 2 production from the manure stored in the room or on the floor had increased on 15 July due to the higher room temperature, but the extent of this CO 2 production increase was unknown.
As shown in figure 1c , odor concentration varied between 120 and 500 OU m -3 . On both days, there was a peak during t in 14 July t in 15 July t out 14 July t out 15 July CO 14 July CO 15 July the 1400-1600 h period. Zhu et al. (2000) also observed peak odor concentration at 1700 h in a gestation room, giving the increase animal activity during the sampling period as the possible cause. In this study, the animal activities in the rooms were not recorded; therefore, odor and gas concentrations cannot be associated with animal activities. Odor concentration was lower on 15 July than on 14 July (geometric means of 259 and 175 OU m -3 for 14 and 15 July, respectively), which was different from the results for CO 2 concentration. The NH 3 concentration varied between 1.5 and 6.0 ppm ( fig. 1d ). Higher room temperature on 15 July resulted in a slightly higher NH 3 concentration (means of 2.2 and 2.6 ppm for 14 and 15 July, respectively). The odor and gas concentration variations during the day were mainly caused by the time of the day due to the ventilation rate, temperature, and animal activity changes because (1) the odor and gas sampling would not result in measurement uncertainty, and (2) the CO 2 and NH 3 concentrations were measured by the analyzers described previously, and odor samples were all measured at the same Olfactometry Laboratory for odor concentrations; therefore, the uncertainties associated with measurements were mainly systematic errors.
Due to the almost constant ventilation rate during the two days, odor and NH 3 emission rates were determined by odor and ammonia concentration. The geometric means of odor emission rates were 6.9 and 5.1 OU m -2 s -1 and mean NH 3 concentrations were 69.2 and 75.1 mg m -2 s -1 for 14 and 15ĂJuly, respectively. The high odor concentration during the 0600-0800 h period on 15 July did not result in a high odor emission rate because of the low ventilation rate. As the product of odor concentration and ventilation rate, the variations of the odor emission rates during the day were mainly caused by the time of the day because both odor concentration and ventilation rate varied with the time of the day along with the ambient temperature.
Although odor and NH 3 concentrations and emission rates varied during the day, statistical analyses indicate that there was no significant difference between the seven measurement periods or between these two days (P > 0.05). There was significant difference among different periods of the day for CO 2 concentration (P < 0.05). The reasons might be that there were only two replicates for each measurement period of each room and there was much less variation between replicates of CO 2 concentrations than between the replicates of odor and NH 3 concentrations and emission rates.
Farrowing Room
Due to a sampling schedule problem, the farrowing room (FR) was not measured until 28 and 29 September (fig. 2) . Air samples were not taken for the last period (1800-2000 h) on 29 September due to the limited time schedule for shipping samples using long-distance buses. As shown in figure 2a , the ambient temperature varied from -0.3°C to 8.6°C with a mean of 5.9°C and 4.5°C for the two days, respectively, which was much lower than the temperature in July. The room temperature was stable with a means of 19.2°C. The mean ventilation rate on 28 September was higher than that of 29 September (4.2 vs. 3.9 m 3 s -1 ) due to the higher ambient temperature on 28 September ( fig. 2a) .
Due to the low ambient temperature and low ventilation rate, the CO 2 concentration in the farrowing room was much higher (means of 1441 and 1610 ppm for the two days, respectively) compared to that of the gestation room in July, as shown in figure 2c . It showed an apparent pattern of high concentration levels in the early morning, decreasing as the ven- tilation rate increased during the day, reaching its lowest value during the 1200-1600 h period, and then increasing again afterwards. Similar to what was observed in the gestation room, the change in CO 2 concentration was affected little by animal activities but was mainly determined by the ventilation rate, based on the fact that the change in the CO 2 concentration corresponded to the change in the ventilation rate and there was no unexplained fluctuation of CO 2 concentrations. The odor concentration showed the same daytime pattern as CO 2 for 28 September but fluctuated on 29 September (fig.Ă2b ). It varied from 580 to 1122 OU m -3 with geometric means of 792 and 874 OU m -3 for the two days, respectively. Lower odor and CO 2 concentrations on the first day were possibly caused by higher ambient temperature. Ammonia concentration was not measured for this room. Figure 2b also shows that the odor emission rate varied from 12.0 to 28.3 OU m -2 s -1 . Although the daily geometric means of the odor emission rate of the two days were similar (18.3 and 19.3 OU m -2 s -1 , respectively), the two days did not show the same trend. On 28 September, odor emission was the highest in the early morning and the lowest during the 1400-1600 h period. On 29 September, the odor emission rate was initially low, varied during the day, and peaked during the last measurement period (1600-1800 h).
Statistical analysis results indicated that there was significant difference among different periods of the day for CO 2 concentration (P < 0.05) but not for odor concentration and emission rate (P > 0.05). The odor concentrations and emission rates of 28 and 29 September were not significantly different (P > 0.05).
Nursery Room
The nursery room (NS) was measured on 16 and 17 July ( fig. 3) . As shown in figure 3a , the ambient temperature on 16 July was slightly lower than on 17 July (means of 19.9°C and 21.1°C, respectively). The ventilation rate was kept at maximum capacity except during the 0600-0800 h period. The room temperature was 2.4°C to 6.7°C higher than the ambient temperature, and the mean room temperatures were the same (25.1°C) for both days.
The CO 2 concentrations were similar on 16 and 17 July, with means of 856 and 832 ppm, respectively. The CO 2 concentration was the highest during the early morning, and then was maintained within a narrow range during the rest of the day ( fig. 3d ). Again, CO 2 concentration was mainly affected by ventilation rate.
As shown in figure 3b , odor concentration varied between 841 and 1640 OU m -3 with geometric means of 1052 and 1299 OU m -3 for 16 and 17 July, respectively, which was much higher than those of the gestation and farrowing rooms. It was high in the early morning, and then fluctuated during the rest of the day, which was possibly caused by changing animal activities. As shown in figure 3c , the ammonia concentration was fairly low, with little variation throughout the two days.
With a constant ventilation rate, except during the 0600-0800 h period, the odor and ammonia emission rates followed the same pattern as the odor and ammonia concentrations (figs. 3b and 3c). The geometric means of the odor emission rates were 49.8 and 58.0 OU m -2 s -1 for 16 and 17 July, respectively. Larger variations occurred on 17 July (37.9 to 81.6 OU m -2 s -1 ) than on 16 July (43.0 to 57.4 OU m -2 s -1 ). The ammonia emission rate varied from 55.6 to 116.3 mg m -2 s -1 with means of 81.7 and 85.5 mg m -2 s -1 for 16 and 17 July, respectively. Statistical analysis indicated that there was significant difference among the CO 2 concentrations measured in different periods (P < 0.05), but no difference among different periods of the day for odor and NH 3 concentrations and emissions (PĂ> 0.05). The odor concentrations and emission rates on 16 and 17 July were not significantly different (P > 0.05).
Finishing Room
The finishing room (FN) was measured on 21 and 22 July. As shown in figure 4a, the ambient temperature was different for these two days (means of 19.4°C and 22.9°C, respectively). As a result, the mean room temperatures for the two days were different (23.9°C and 26.6°C). Because of the high ambient temperature, the ventilation rate was kept at maximum capacity on both days (means of 44.7 and 44.2 m 3 s -1 , respectively). The ventilation rate variation was caused by the variations in the static pressure of the room due to changing wind direction and speed. During the measurement period, the wind speed varied from 0.0 to 5.1 m s -1 , and the wind direction changed by up to 70°. As shown in figure 4d , the CO 2 concentration varied little during these two days, with measurements ranging from 770 to 1050 ppm; however, the daily mean was lower on 21 July than on 22 July (873 vs. 1021 ppm). This was similar to what was observed in the gestation room, i.e., higher ambient and room temperatures resulted in higher CO 2 concentrations. This may again indicate that the CO 2 production from stored manure in the pit or on the floor is not negligible at high room temperature.
The odor concentration showed high variations on both days, ranging from 268 to 1160 OU m -3 ( fig. 4b ). The odor concentration was initially low on 21 July and peaked during the last measurement period (1800-2000 h), while it peaked during the 1400-1600 h period on 22 July. Again, the fluctuation could only be explained by the decrease or increase of animal activities. The geometric mean of odor concentration was higher on 22 July (655 OU m -3 ) than on 21 July (397 OU m -3 ), which was possibly caused by higher odor production due to elevated room temperature.
The ammonia concentration fluctuated and peaked during the 1400-1600 h period on 21 July but stayed constant on 22ĂJuly, and the averages of the two days were the same (10Ăppm). Elevated room temperature increased the CO 2 and odor concentrations but not the ammonia concentration.
In the finishing room, with an almost constant ventilation rate, the odor and ammonia emission rates followed the same patterns as the odor and ammonia concentrations, similar to the gestation and nursery rooms. As shown in figure 4b , the geometric mean odor emission rate of 22 July (30.3 OU m -2 s -1 ) was higher than that of 21 July (18.6 OU m -2 s -1 ). The average ammonia emission rates of 21 and 22 July were about the same (360.0 and 350.9 mg m -2 s -1 , respectively, fig. 4c ). Elevated room temperature increased the odor emissions but not the ammonia emissions.
Statistical analysis results indicated that there was no significant difference among different periods of the day for CO 2 , odor, and NH 3 concentrations and emissions (P > 0.05). These two days' odor concentration and emission rates were not significantly different (P > 0.05). Table 2 summarizes the measurement results. The ventilation rates for rooms GT, NS, and FN, which were measured in July, were usually at maximum capacities, except during the 0600-0800 h period. Under such conditions, room temperatures were 3.2°C to 4.7°C higher than the ambient temperatures on average. Room FR was measured in September, and its ventilation rate changed with changing low ambient temperature and maintained a constant room temperature. Animal density, defined as animal mass per unit area, was 126, 48, 46, and 132 kg m -2 for rooms GT, FR, NS, and FN, respectively.
COMPARISON OF THE FOUR ROOMS
Odor concentrations in different rooms were significantly different (P < 0.05), and the geometric mean was the highest in room NS, followed by rooms FR, FN, and GT. The geometric means of odor emission rates were also significantly different between the rooms (P < 0.05), with the highest found in room NS, followed by rooms FN, FR, and GT. For easy comparison, figure 5 shows the geometric means of odor concentration and emission rates for each measurement period for each room. Table 2 also gives the odor emission rate on the basis of animal units (AU, where 1 AU = 500 kg of animal mass), which varied from 34 to 585 OU AU -1 s -1 for different rooms, with the highest rate found in room NR, followed by rooms FR, FN, and GT (P < 0.05).
As given in table 2, the mean CO 2 concentration was the highest in the farrowing room as a result of the low ambient temperature, followed by the finishing, nursery, and gestation rooms (P < 0.05). Ammonia concentration was much higher in the finishing room than in the nursery and gestation rooms (P < 0.05). Similarly, the ammonia emission rate in the finishing room was much higher than in the nursery and gestation rooms (P < 0.05). [a] Means in a column followed by the same letter are not significantly different at P = 0.05 according to Duncan's multiple range test. [b] Geometric means. Table 2 also gives the minimum and maximum values and standard deviations of the measured parameters. The odor concentrations and emission rates and CO 2 concentrations usually varied greatly during the day (0600-2000 h) in all rooms. Ammonia concentrations and emission rates also varied greatly for the gestation and finishing rooms; however, with very low ammonia concentration, less variation was observed in the nursery rooms. The results obtained by this study are consistent with two other studies conducted by Hartung et al. (1998) and Zhu et al. (2000) . These results indicated that a snapshot measurement of odor and gas conditions will likely not give the representative or average conditions of a building. Using snapshot measured emission data in odor and gas dispersion modeling will likely result in large errors. The emission measurement needs to be taken during the interested dispersion modeling period, or multiple measurements are needed to get the average emission rates of a building.
As shown in figures 1 through 5, odor concentrations and emission rates in all rooms fluctuated during the day and did not show a consistent pattern. Duncan's multiple range tests for each room and for all rooms did not show a significant difference between the seven measurement periods or between the first and second day for odor concentrations and emission rates (P > 0.05). Some peaks of odor concentration were observed that could be explained by low ventilation rates due to low ambient temperature or some activities taking place in the rooms that disturbed the animals and increased odor production. The odor concentration of the farrowing room was high in the morning and evening due to the lower ventilation rate and low during the 1200-1600 h period, which might represent a typical pattern for all buildings during the cooler season when the ventilation system does not operate at full capacity. The high odor concentration in the early morning or early evening did not necessarily result in a high odor emission rate because the concurrent ventilation rate was generally low. Odor emission rates fluctuated during the day, and generally one or two peaks were observed, which were possibly related to an increase in animal activities.
Ammonia concentration and emission rates for all rooms also fluctuated without a consistent daytime pattern. Gener-ally, CO 2 concentration was high during the 0600-0800 h period, possibly due to the lower ventilation rate and ambient temperature prior to this period.
In summary, odor and gas concentrations were likely to be high in the early morning and early evening but lower during the rest of the daytime; however, peak odor and NH 3 concentrations would likely occur in the afternoon or anytime animals were disturbed.
Statistical analysis indicated that there was no correlation between odor or NH 3 concentrations or emission rates and room and ambient temperature and ventilation rate for each room and for all rooms (P > 0.05), except that the odor emission rate of room FR and the NH 3 emission rate of room GT were affected by the ventilation rate (P < 0.05).
CO 2 concentration was determined by the room temperature (which determines CO 2 production by animals) and ventilation rate (which determines CO 2 gain and loss of a room by ventilation), if the CO 2 production and loss through other sources was considered negligible. When the ambient temperature was high, the ventilation rate was kept at the maximum capacity; therefore, the CO 2 concentration should only be determined by the room temperature. However, no correlation was found between CO 2 concentration and room temperature for rooms GT, FR, and FN (P > 0.05). In room NS, CO 2 and room temperature showed a second-order polynomial relationship (r 2 = 0.74).
CONCLUSIONS
Large daytime variations of odor concentrations and emission rates were observed in all four types of rooms. Therefore, it is unlikely that representative odor concentration and emission rates (e.g., daily mean) can be obtained by a snapshot measurement. Odor and gas concentrations are likely to be high in the early morning and late afternoon, but the odor emission rate did not show any fixed pattern. Odor and NH 3 concentration and emissions were affected by animal activities, whereas CO 2 concentration was mainly affected by ventilation rate. However, statistical analysis indicated that there were no significant differences for odor or NH 3 emission rates among different periods of the day between 0600 and 2000 h for each room (P > 0.05).
Measured in July, the nursery room had the highest mean odor concentration and emission rates, followed by the finishing room, while the gestation room had the lowest values. The farrowing room was measured in September. Its odor concentration was lower than the nursery room but higher than the gestation and finishing rooms, while its emission rate was lower than the nursery and finishing rooms but higher than the gestation room.
No correlation was found between odor, gas concentration, or emission rates and room and ambient temperature and ventilation rates, except the odor emission rate of the farrowing room and the NH 3 emission rate of the gestation room were significantly affected by ventilation rate (P < 0.05).
The CO 2 production from other sources in the room (e.g.,Ămanure storage pit) besides the animals needs to be quantified to increase the accuracy of the CO 2 mass balance method for ventilation rate calculation.
